Electron transfer processes play a significant role in host-guest interactions and determine physicochemical phenomena emerging at the nanoscale that can be harnessed in electronic or optical devices as well as biochemical and catalytic systems. We have developed a novel method for qualifying and quantifying the electronic doping of single walled carbon nanotubes (SWNT) using electrochemistry and have established a direct link between these experimental measurements and ab initio DFT calculations. Metallocenes such as cobaltocene and methylated ferrocene derivatives were encapsulated inside SWNT (1.4 nm diameter) and the cyclic voltammetry (CV) performed. The electron transfer between guest-molecules and host-SWNT is measured as a function of shift in the redox potential (E1/2) . Furthermore, the shift in E1/2 is shown to be inversely proportional to the nanotube diameter. For the quantification of the amount of electron transfer from the guestmolecules on the SWNT, a novel method using coulometry was developed allowing the mapping of the density of states (DOS) and the Fermi level of the SWNT. Correlated with theoretical calculations, coulometry provides an accurate indication of n/p-doping of the SWNT.
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Introduction
The confinement of individual molecules inside nanoscale containers is a powerful method which allows us to explore chemistry at the single-molecule level. [1] [2] As the dimensions of the host container approach the size of the encapsulated molecule, the effects of extreme spatial constraint result in changes in van der Waals interactions and electron transfer leading to new dynamic behaviour and the emergence of physicochemical properties of the confined molecules unattainable in the bulk. [3] [4] [5] [6] Single-walled carbon nanotubes (SWNT) are an increasingly popular choice as molecular containers as not only do they possess nanoscale cavities in the range of 0.7-2.0 nm, commensurate with small and medium sized molecules, but they also boast exciting electronic properties. The unique electronic structure [7] of SWNT and the ability to exhibit either metallic or semiconducting behaviour depending only on chirality [8] while interacting effectively with electron donors [5, [9] [10] and acceptors [11] make nanotubes highly tuneable nanoscale containers with respect to electronic interactions with guest-molecules. Previous work studying the nature of interactions between nanotubes and guest-molecules include the application of UVvis [5] and IR [1] spectroscopies to probe the confined molecules. The use of spectroscopy can be challenging due to absorption of radiation by the host-nanotube which may obscure many important subtle features of the nanotube-molecule interactions. Other techniques have been employed to analyse the nanotube and guest-molecule oxidation state using separate probes such as photo emission spectroscopy and X-ray absorption. [12] An interesting method has been reported that utilises an electrode to elevate the potential of the nanotube, which in turn perturbs the electronic state of the guest-molecules which is measured using Raman, however, this is limited to guest-molecules with strong Raman vibration modes. [13] Overall, as SWNT interact strongly and absorb a wide range of electromagnetic radiation (UV-vis, IR, near-IR), the use of spectroscopy to probe guest-molecules inside nanotubes can be ambiguous because the spectroscopic signal of molecules adsorbed on nanotube surface overpowers weak signals of encapsulated molecules due to shielding by SWNT.
An alternative approach is to exploit the highly electrically conductive nature of SWNT and fast heterogeneous electron transfer at nanotube tips and sidewalls, [14] [15] which enables efficient charge transfer between guest-molecules and the nanotube, to probe the confined molecules. In particular, electrochemical measurements offer an ideal method for precise characterisation of host-guest interactions between molecules and nanotubes. [16] Cyclic voltammetry has been utilised successfully to study confined molecules and to tune their functional properties, as demonstrated in metal-organic frameworks (MOFs), [17] [18] zeolites [19] and molecular cages. [20] [21] [22] However, poor electrical conductivity of these host-structures prohibits reliable pathways for charge transfer between the electrode and confined guest-molecules. In contrast, charge transport through the nanotube onto confined guest-molecules is uninhibited and very efficient making SWNT the ideal host systems for studying redox phenomena at the nanoscale. Herein, we report an electrochemical study of redox active guest-molecules confined within carbon nanotubes and demonstrate that encapsulation in SWNT alters the oxidation state of guest-molecules. We demonstrate that the amount of electron transfer between the nanotube and molecules is precisely determined by the energy of the guest-molecule HOMO/SOMO and the diameter of the SWNT. The interactions between molecules and nanotubes result in profound changes in the effective bandgap of the SWNT, [23] [24] which can be modulated by choosing guest-molecules with the appropriate HOMO/SOMO, and gauged accurately using a new coulometric approach developed in this study.
Results and Discussion
As fullerene (C60) was the first guest-molecule inserted into carbon nanotubes, the nature and strength of the interactions between fullerene molecules and the internal cavity of a nanotube have been extensively investigated. [25] [26] [27] The perfect geometrical match of truncated icosahedral fullerene cages and the tubular interior of nanotubes provide extremely effective van der Waals interactions that can be as high as 3 eV per molecule. [25] In contrast, although metal complexes have been encapsulated in nanotubes for a wide variety of applications, including catalysis, [28] [29] [30] spintronics, [31] and sensors, [32] very little has been reported about the nature of their interactions with the nanotube cavity. The electric charge, asymmetrical distribution of the electron density, and the irregular shape of metal complexes make this a difficult challenge. A new methodology based on electrochemical measurement is employed in this study to probe interactions between metallocenes and SWNT, and to harness the well-defined redox properties of these guest-species to control the electronic properties of the host SWNT. . The DOS of semiconducting (17,0) SWNT (blue, black axis) and metallic (10,10) SWNT (green, black axis) representative of the sample calculated by ab initio DFT. The DOS have been shifted by +0.15 eV, as the energy of the DOS is arbitrary with respect to the electrochemical measurement, which is referenced to AgCl/Ag, not absolute potentials. The intensity of the DOS is corrected to represent the ratio of metallic to semiconducting nanotubes in the sample (31:69, metallic : semiconducting) [33] and the higher number of atoms in the calculation of the wider ( . c) In reality the majority of SWNT are slightly pdoped [34] [35] so that a small amount of electron transfer from Fe(Cp)2 to the SWNT may take place (EF During linear sweep voltammogram (LSV) measurements a potential is applied to carbon nanotubes attached to a glassy carbon electrode ( Figure 1 and Figure 2 ), and the current between the nanotube and electrode is measured. The magnitude of the current varies significantly and reveals distinguishable charging/discharging processes for the SWNT (average diameter of 1.4 nm) (Figure 1a , red curve). We assume SWNT to be a quantum capacitance dominated electrode such that application of potential in this system causes the shift of the Fermi level. [36] [37] Mapping the experimental measurements onto the calculated density of states (DOS) of metallic (10, 10) and semiconducting (17,0) SWNT representative for this sample (Figure 1a , blue and green curves, respectively) helps to understand the observed voltammogram. [38] Hodge et al report a similar observation and band gap. [39] In general, the increase in current is associated with the increase in density of full or empty states of the SWNT which are depleted or populated with electrons as the applied potential becomes more positive or negative, respectively. For instance, increased current is observed at -0.30 V, 0.50 V and 1.10 V which corresponds to the three major maxima in DOS of nanotubes. [7, 40] Similarly, in the region between 0.1 V and -0.28 V very low current is observed in the LSV which correlates with the low DOS of SWNT available in this energy window. Thus the two axes representing the applied potential (red vertical axis, Figure 1a ) and the energy levels of SWNT (black vertical axis, Figure 1a ) plotted inverse to one another ( G = -nFE), can link the LSV measurements with theoretically calculated DOS.
Cyclic voltammetry measurements on free molecules allow us to measure the first potential required to remove an electron from the HOMO/SOMO of the molecule. However, as electronic interactions between the host and the guest in molecule@SWNT systems will result in electron transfer, the oxidation state of the confined guest-molecule is changed with no externally applied potential. As a result of this electron transfer, the energy of the Fermi level of the nanotube shifts (Figure 1b) , so that when electric potential is applied, electrons are removed from a higher (in the case of electron donor guest-molecule) or lower (in the case of electron acceptor guest-molecule) energy level of the global molecule@SWNT system. Overall, the encapsulation of redox active species into nanotubes can result in hybrid nanostructures with complex electrochemical properties, dramatically different to the properties of the individual components, which may complicate experimental measurements.
However, if the synergistic effects of host-guest interactions are understood they can shed light onto fundamental aspects of electron transfer.
The electrochemistry of ferrocene (Fe(Cp)2) is the most studied amongst organometallic complexes, so this molecule represents the best starting point for the investigation of hostguest interactions with SWNT. Upon encapsulation in nanotubes ( Figure 3 ) by a previously reported gas-phase method, [41] the redox potential (E1/2) of the Fe II couple was previously observed in other nanocontainers with a positive charge, [20] [21] [22] 42] and can be attributed to a decrease in electron density on the iron center of Fe(Cp)2 compared to the solution CV. The HOMO of Fe(Cp)2 is below the Fermi level of the pristine nanotubes which means that theoretically no spontaneous electron transfer can occur ( Figure 1b) . However, in practice carbon nanotubes have defects decorated with oxygencontaining groups resulting in a lower energy Fermi level (i.e. some degree of p-doping) [34] [35] which allows for some electron transfer to occur from ferrocene to the top of the valence band of the SWNT (Figure 1c) . Furthermore, the host-nanotube partially screens the guest-molecule from the solvent, so that effects of the different Figure 5 . Encapsulation of cobaltocene in SWNT leads to a shift in the energy of the Co(Cp)2 SOMO [43] and an effective injection of electrons into the nanotube DOS increasing the energy of the Fermi level (EF 1 ) to EF 2 . As a result of the electron transfer the potential required to perform a redox reaction of Co(Cp)2 inside nanotube has decreased by 0.77 V. This is due to the localised charges on adjacent Co(Cp)2.
solvents on the redox potential of Fe(Cp)2 inside nanotube are dampened (Supplementary Information). While confinement in nanotubes has a definite and measurable impact on ferrocene, the fundamental redox properties of Fe(Cp)2 inside the nanotube remain largely similar to the properties of the free molecule in solution thus indicating that electron transfer plays only a minor role in host-guest interactions in this system.
The magnitude of host-guest electron transfer can change drastically as demonstrated when cobaltocene (Co(Cp)2), with a SOMO much higher than the Fermi level of the SWNT is selected as the guest-molecule. Co(Cp)2, was successfully inserted into carbon nanotubes by an adaptation of a previously reported method, [5] and upon encapsulation in SWNT, the two Co(Cp)2 redox couples, Co II /Co I and Co III /Co II , are observed, however, both couples occur at significantly shifted potentials when compared to the values obtained for free Co(Cp)2 in solution ( Figure 6 ). It must be noted that the relative currents are not equal, as one would expect for two, one-electron reductions, due to underlying contributions from the SWNT energy levels (van Hove singularities) as described in the LSV measurements, which manifest as an uneven non-faradic background in CV measurements.
The observed redox potentials of Co(Cp)2@SWNT of -0.96 V (Co II /Co I ) and 0.00 V (Co III /Co II ) (vs. Fe(Cp 5Me )2/Fe(Cp 5Me )2 + ) are significantly less negative than those observed for Co(Cp)2 in solution, a shift of +0.77 V and +0.78 V, respectively, and can partly be explained by significant electron transfer from the high lying Co(Cp)2 SOMO to the nanotube conduction band ( Figure 5 ) so that complete oxidation of cobaltocene to cobaltocenium occurs upon encapsulation. This results in positively charged Co(Cp)2 molecules and negatively charged nanotubes. [43] A complete electron transfer is not possible with Fe(Cp)2 as the energy of the Fe(Cp)2 HOMO is lower than any empty nanotube states as shown in Figure 1 . These CV measurements are in agreement with previously reported spectroscopic measurements for Co(Cp)2@SWNT. [5] Our theoretical calculations also predict the effective injection of an electron from Co(Cp)2 into the nanotube conduction band that results in a shift in energy of the Co(Cp)2 SOMO to a more negative energy by -1.02 eV (more positive potential) which corroborates the shift observed in the CV ( Figure 6 ). This is in agreement with those reported previously by Green et al. [10, 44] All cobaltocene molecules inside the SWNT are positively charged as a result of the electron transfer from cobaltocene to the nanotube. The electron transferred from Co(Cp)2 is delocalised around the extended system of the nanotube and so dispersed. However, the positive charge of the Co(Cp)2 + molecule is localised on the encapsulated molecule which is adjacent to other positively charged Co(Cp)2 + molecules. The overriding force that influences an encapsulated Co(Cp)2 molecule is the concentrated positive charges of adjacent Co(Cp)2 + rather than the dispersed negative charge on the nanotube (Figure 7) . The consequence of these positive charges is to stabilise the molecular orbitals of Co(Cp)2, hence, the observed shift in potential of the redox processes Co II /Co I and Co III /Co II of Co(Cp)2 is in the positive direction. A shift is not observed with Fe(Cp)2 as there is only a minor electron transfer to the nanotube and so Fe(Cp)2 is not positively charged inside the nanotube. Therefore, while the interaction of the nanotube with Co(Cp)2 is initiated by the charge transfer of an electron from Co(Cp)2 to the nanotube, the shift in redox potential of the Co(Cp)2 reductions is attributed to the positive charges on adjacent Co(Cp)2 + . Ferrocene and cobaltocene represent two extreme cases where the magnitude of electron transfer to the nanotube is very small or very high, respectively. To explore whether electron transfer between the host and the guest can be finely tuned through size, shape, functionality and electronic structure of the guest-molecule, a series of methylated Fe(Cp)2 derivatives with a varying number of methyl groups on the cyclopentadienyl (Cp) ring, were encapsulated in SWNT.
The introduction of an increasing number of methyl groups onto the Fe(Cp)2 (zero to ten) increases the energy of the HOMO (the E1/2 occurs at a less positive potential) and therefore increases the observed shift in redox process (from 0.04 V for Fe(Cp)2 to 0.20 V for Fe(Cp 5Me )2) for the guest-molecule inside the nanotube of each Fe(Cp X 2@SWNT (X = Me, 4Me, 5Me) system (Supplementary Information). The energy of the ferrocene HOMO increases with the number of methyl groups due to a well-known inductive effect, so a greater number of methyl groups on the molecule leads to more electron density transferred to the host-nanotube. While the HOMO for Fe(Cp)2 and Fe(Cp Me )2 are high enough in energy to enable a small amount of electron transfer to p-doped semiconducting nanotubes (Figure 1c ), the addition of 8 and 10 methyl groups increases the HOMO energy of Fe(Cp 4Me )2 and Fe(Cp 5Me )2 to above the Fermi level of the metallic (10,10) nanotubes. Therefore, the electron transfer no longer relies on the p-doped nanotubes but a transfer to the conduction band of metallic nanotubes, resulting in a sharp increase in electron transfer, measured as a shift in redox potential of the guest-molecule (Figure 1a , Table 1 ). In general, the shift of redox potential can be interpreted as a measure of charge transfer from the guest-molecule to the host-nanotube and an increase in positive charge on the guest molecule, therefore, is related to the strength of host-guest interactions. The clear correlation between redox potential shift and electron donating ability of the metallocenes further indicates that the nature of the interactions with SWNT is primarily electrostatic, unlike in the case of fullerene where van der Waals interactions dominate.
Ab initio DFT calculations have been performed to corroborate the link between the strength of host-guest interactions and electron transfer (Supplementary Information). The calculated energies of encapsulation ( E), defined as E = E(Metallocene@SWNT) -E(Metallocene) -E(SWNT), for different ferrocene molecules in SWNT correlate well with the experimentally measured shifts in redox potential for the different metallocenes upon nanotube confinement (Table 1) . This is a strong indication that the electron transfer from metallocenes to the nanotube results in a stronger interaction with the internal cavity of the SWNT, which gives us a mechanism to gauge not and metallic (10,10) SWNT (green curve, black axes) calculated by ab initio DFT. The DOS of nanotubes is corrected to match the typical ratio of metallic to semiconducting nanotubes in the sample (31:69, metallic : semiconducting) [33] and the higher number of atoms in the calculation of the wider (17,0) SWNT (204:240 atoms). A resting potential window (zero / low charge) observed in the coulometry curve matches the bandgap of semiconducting nanotubes (indicated by green dashed lines), and a sharp increase in current is observed when the applied potential is set in the region of high nanotube DOS (e.g. the van Hove singularities).
only the nature of the interaction between the nanotube and the guest-molecule but also the strength of the interaction using electrochemical methods.
Our CV measurements reveal that the internal diameter of the host-nanotube also has an effect on the magnitude of the shift of the E1/2 of Fe(Cp)2, with the observed shift ranging from 0.05 V for the narrowest nanotubes (dNT = 1.0 nm) to 0.01 V for the widest nanotubes studied (dNT = 2.5 nm) and appears to be inversely proportional of the nanotube diameter (Supplementary Information). Nanotubes with a narrow diameter have a wider band gap resulting in the top of the valence band residing at a lower energy. Assuming that as-received SWNT are slightly p-doped, the Fermi level of a narrower nanotube will be at a lower energy, facilitating electron transfer from Fe(Cp)2 to the nanotube, which further proves that the electrostatic forces, which determine the effectiveness of host-guest interactions, rely on electron transfer from the guest-molecule to the host-nanotube. While it is clear that CV experiments detecting precise changes in redox processes can be a useful measure of the redox state of guest-molecules within nanotubes, these experiments provide very limited information about the electronic state of the host-nanotube in terms of the amount of electron density injected into the SWNT from guest-molecules or the actual position of the Fermi level in the metallocene@nanotube system. In order to answer these fundamentally important questions, a new type of experimental procedure has been developed and applied to the metallocene filled carbon nanotubes.
A series of different potentials were applied to empty SWNT attached to a glassy carbon electrode in an electrochemical cell (Figure 2) , and the resultant charge was measured across a potential range that encompasses the nanotube Fermi level. Consequently, the current generated at a given potential applied to the nanotubes is proportional to the density of SWNT electronic states at that particular energy, allowing accurate mapping of the states which are filled or emptied upon application of a specific potential. Negative or positive charge registered by the potentiostat corresponds to electrons moving to or from nanotubes, respectively (Figure 8 ). Importantly, zero charge signifies the absence of any electronic states in the SWNT at that particular applied potential (resulting in a so-called resting potential window). Therefore, while the coulometry relates well to the LSV measurements (Figure 1a) , this method also reveals important information about the electronic state of the hostnanotube, particularly around the Fermi energy and measures the states without prior perturbation of the guest@SWNT ground state unlike in CV. Thus, if the range of applied potentials falls within the bandgap of the SWNT little or no charge will be registered which enables quantification of the size of the nanotube bandgap with the accuracy limited solely by the size of the steps in applied potential. The potential at which the first positive charge is observed indicates the position of the top of the valence band and can therefore be correlated with the Fermi level of the SWNT, whereas the potential at which the first negative charge is observed corresponds to the first empty state of the SWNT (i.e. the bottom of the conduction band). In our experiments empty single-walled carbon nanotubes exhibit a low charge region between -0.11 V to 0.40 V in the coulometry experiment, which is characteristic of the bandgap of semiconducting nanotubes predominant in this sample [38] and corresponds well to calculations (Figure 8 ). The same methodology was then utilised to explore the electronic band structure of the nanotubes filled with molecules, Fe(Cp)2@SWNT ( Figure 9 ) and Co(Cp)2@SWNT (Figure 10 ). The coulometric Fe(Cp)2@SWNT curve is similar to SWNT but with a resting potential window 0.23 V narrower than empty nanotubes ( Figure  9 ), whilst Co(Cp)2@SWNT shows no resting potential window with the charge only reaching zero at a potential of 0 V, which is the position of the Fermi level, implying that the nanotubes in Co(Cp)2@SWNT effectively do not possess a bandgap. These observations can be rationalised by considering the nature and electronic configuration of the guest species within the nanotubes. For example the energy of the Fe(Cp)2 HOMO is lower than the Fermi level of the host-nanotube so electrons can only be transferred into the holes in the valence band created by p-doping as described earlier (Figure 1b, 1c) . Therefore, even though the encapsulation of Fe(Cp)2 does not significantly change the density of electrons on the nanotube, the apparent bandgap of Fe(Cp)2@SWNT (measured as the resting potential window) becomes smaller due to Fe(Cp)2 molecular orbital states (HOMO) at about 0.3 V (Figure 9 ). In contrast, Co(Cp)2 is a strong electron donor with a high energy SOMO. Upon encapsulation a significant amount of electron density is transferred from Co(Cp)2 to the SWNT, as demonstrated in our CV measurements, leading to an increase in the energy of the Fermi level into the conduction band of the nanotube (i.e. above the intrinsic bandgap of SWNT ( Figure 10 ). This results in the electronic structure of Co(Cp)2@SWNT containing high density of states either side of the Fermi level which explains the absence of resting potential window in the coulometry of this material. Interestingly a lower rate of electron transfer from Co(Cp)2@SWNT to the electrode in the potential range -0.5 to 0 V is observed due to the relatively low DOS of electron doped metallic nanotubes in this range, as compared to a higher rate of electron transfer from the electrode to Co(Cp)2@SWNT between 0.5 V to 0.9 V due to a much higher density of empty states just above the EF in this material ( Figure  10 ). Nanotubes filled with methylated ferrocenes which have a HOMO of increasing energy as the number of methyl groups increases (Figure 1 ) follow the trend of a narrowing band gap (e.g. decreasing the resting potential window in coulometry). The impact of the guest-molecule on the host-nanotube is more pronounced for Fe(Cp Coulometry allows accurate determination of the electronic band structure of the SWNT around the Fermi level of nanotubes filled with guest-molecules, providing important information about the nature of electron transfer between the molecule and nanotube. However, coulometry on its own does not provide quantitative information about the extent of any electron transfer processes. This can only be achieved by considering the exact value of the redox potential (HOMO/SOMO energy) of the specific guest-molecules in nanotubes measured by CV experiments of the specific guest in solution. Our coulometry measurements quantitatively establish the Fermi level of empty metallic and semiconducting nanotubes (Figure 8) , and therefore the potential experienced by any guest-molecule encapsulated in a host-nanotube, as 0.13 V and -0.11 V (vs. Ag/AgCl) respectively. The Fermi level of the metallic nanotube is determined to be the potential at which the charge is zero. The first empty state of semi conducting nanotubes is the first negative charge which is the bottom of the conduction band. These potentials (0.13 V and -0.11 V) are the oxidising potentials applied by the SWNT on encapsulated molecules in the absence of any external potential (Figure 8) . Correlation of the guest-molecule HOMO/SOMO energy with the Fermi level of the host-nanotube using the Nernst equation provides an estimate of the percentage of molecules that transfer their valence electrons to the nanotube (Table 2) . A similar method has been applied previously, using a series of salts on a graphene crystal. [45] For example, the Nernst equation applied to Fe(Cp)2@SWNT and Fe(Cp Me )2@SWNT predicts no measurable electron transfer to the nanotube so the majority of these guest-molecules remain unchanged upon encapsulation, which is consistent with the CV measurements for these materials. The same calculation for Co(Cp)2@SWNT results in a complete electron transfer from the guest Co(Cp)2 to the nanotube, again consistent with the CV for this structure. Interestingly, the predicted behaviour of Fe(Cp 4Me )2 and Fe(Cp 5Me )2 guestmolecules falls in between ferrocene and cobaltocene, as according to the Nernst equation, the methylated ferrocene molecules are able to transfer a valence electron to metallic SWNT but not to semiconducting SWNT (Table 2) . These values correlate well with our CV measurements of guest@SWNT probing the oxidation state of the guest-molecules: the small percentage of electron transfer from Fe(Cp) 2 
Conclusions
We have developed a powerful methodology based on electrochemical analysis that allows probing of the mechanisms of interactions between redox active guest-molecules and carbon nanotubes. Specifically, coulometry reveals the impact of guestmolecules on the electronic levels of the host-nanotube, and cyclic voltammetry, combined with information about the actual Fermi level in molecule@SWNT system obtained from coulometry, determines the real oxidation state of the guestmolecule. A priori prediction and spectroscopy measurements of the oxidation state of guest-molecules in carbon nanotubes is difficult, but our electrochemical approach determines this with great precision.
Our study demonstrates a complex interplay between the molecular orbitals of guest-molecules with the electronic bands of host-nanotubes. Encapsulation of redox active guest-molecules triggers electron transfer to the nanotube, the extent of which depends on several parameters: the energy of HOMO/SOMO of the guest-molecule, the diameter of nanotube and whether the nanotube is metallic or semiconducting. This new knowledge significantly improves our understanding of host-guest interactions and opens up new avenues for controlling the oxidation state of guest-molecules as well as for tuning the electronic properties of host-nanotubes.
Experimental Section
Reagents and solvents were purchased from Sigma Aldrich, Acros and Alfa Aesar and were used without further purification. Carbon nanotubes were purchased from Carbon Solutions (P2-SWNT, Carbon Solutions Inc., USA, lot#: 02-A006, carbonaceous purity: >90%), Chengdu Organic Chemicals Co. and NanoIntegris Inc.
Preparation of Fe(Cp xMe )2@SWNT (1.4 nm diameter): Materials were prepared using a previously reported method, [41] further details are in the supplementary information.
Preparation of Co(Cp)2@SWNT (1.4 nm diameter):
Co(Cp)2@SWNT was prepared by an adaptation of a literature preparation, [5] further details are in the supplementary information.
Electrochemistry: Electrodes were 3mm diameter glassy carbon disc sheathed in polyether ether ketone (PEEK). A three electrode set up was used with a Ag/AgCl reference electrode, a platinum counter electrode and SWNTs deposited on a glassy carbon working electrode, in which the investigated species was encapsulated. Electrochemistry experiments were performed using an Autolab PGSTAT302N potentiostat. For CV the potential was held at the starting potential for 5 seconds prior to experiment.
Electrode fabrication: Guest@nanotube (0.5 mg) was sonicated (15 minutes) in dry DMF (0.5 mL) to form an ink. 10 µL of the ink was cast onto the GCE using a micro-pipette and allowed to dry in air for 1 hour. The electrode was then rinsed in dry acetonitrile and allowed to dry in air. Electron Microscopy: HRTEM analysis was performed on a JEOL JEM-2100F FEG electron microscope with an information limit of 0.12 nm at 100 kV. The imaging conditions were carefully tuned by lowering the accelerating voltage of the microscope to 100 kV and lowering the beam current density to a minimum to avoid electron beam damage on the specimen. Suspensions of guest@nantoube in HPLC grade isopropanol were drop cast onto lacey carbon grids for TEM analysis.
